Introduction 28
The first giant (> 50 m) trees to grow on Earth, the arborescent clubmosses, were tethered to the 29 ground by rooting structures termed stigmarian systems whose homology has been debated for 30 more than 150 years 1-9 . Stigmarian rooting systems consisted of two components, a central axis 31
(rhizomorph) on which developed large numbers of fine axes (rootlets). There are two competing 32 hypotheses to explain the origin of stigmarian rootlets which we designate, the lycopsid root 33 hypothesis and the modified shoot hypothesis. The lycopsid root hypothesis posits that rootlets are 34 homologous to roots of other lycopsids. The modified shoot hypothesis posits that rootlets are 35 modified leaves (microphylls) and homologous to the leaves of other lycosids. 36
Stigmarian rootlets were interpreted as true roots by the majority of authors until the mid 37 20 th century 5,6,10-14 . However, a suite of fossil findings in the second half of the 20 th century, including 38 fossil embryos, rhizomorph apices and the abscission of rootlets 3,4,15-19 led to the revival of the 39 modified shoot hypothesis first suggested in 1872, which interpreted rootlets as modified leaves 7 .. 40 Given that all rhizomorphic lycopsids (sensu 20-23 ) form a monophyletic group, and that extinct 41 stigmarian rootlets were interpreted as modified leaves this suggested that the rootlets of all 42 rhizomorphic lycopsids were modified leaves, including the rootlets of extant Isoetes 3 . The 43
interpretation that the rootlets of extant Isoetes species were modified leaves was strikingly at odds 44 with all previous descriptions of Isoetes rootlets that had always been interpreted as roots similar to 45 the roots of other extant lycopsids 11,24-32 . 46 New evidence that is inconsistent with the modified shoot hypothesis has been reported 47 since the seminal paper by Rothwell and Erwin 3 . First, the modified shoot hypothesis posits that the 48 ancestral embryo condition in the rhizomorphic lycopsids lacked an embryonic root, but instead 49 developed a single shoot axis that divided to give a typical shoot and modified rooting shoot axis 50 that developed modified leaves (rootlets). However, embryo development in the early diverging 51 rhizomorphic lycopsid, Oxroadia developed an embryonic root 20 . Therefore, the embryo of Oxroadia 52
does not support the hypothesis that a branching event in the embryo produced a rooting shoot axis 53 (rhizomorph) that developed root-like leaves (rootlets). Second, while the leaves of all plants species 54 develop exogenously 33 , in a process that includes the outer-most layers of the shoot, roots of extant 55
Isoetes originate endogenously 34 . Therefore, the endogenous development of rootlets is inconsistent 56
with their interpretation as modified leaves 34 . Third, the discovery of the development of root hairs 57 on rootlets of extinct rhizomorphic lycopsids that are identical to the root hairs that develop on 58 extant lycopsids suggest that rootlets are root-like 2 . Together these three studies present an 59 emerging body of evidence that is incompatible with the modified shoot hypothesis. 60
To independently test the modified shoot hypothesis for the origin of lycopsid roots, we 61 evaluated gene expression data of the extant rhizomorphic lycopsid, Isoetes echinospora. We 62 generated, to our knowledge, the first organ specific transcriptome of an Isoetes species 63 incorporating RNA from the three main organs of the sporophyte: rootlets, leaves and corms. If I. 64
echinospora rootlets are modified leaves as predicted by the modified-shoot hypothesis we would 65 expect gene expression profiles to be similar in rootlets and leaves. If, on the other hand, I. 66
echinospora rootlets are true roots as predicted by the lycopsid root hypothesis we would expect 67 that gene expression profiles would be different between leaves and rootlets, and gene expression 68 profiles would be similar between I. echinospora rootlets and roots of Selaginella species. 69
70

Results
71
Development of a protocol to propagate Isoetes echinospora in axenic culture 72
To define gene expression signatures in the organs of I. echinospora, a population of plants was 73 collected from the wild ( Fig. 1A ) and protocols to grow the plants in axenic culture were developed. 74
The collected plants were grown in the green house and male spores (microspores) and female 75 spores (megaspores) were produced and then isolated. Megaspores and microspores were surface 76 sterilised and germinated together in sterile liquid media to generate a population of sporophytes in 77 axenic culture ( Fig. 1B ). Sporophytes were transferred to solid media three months after 78 germination (Fig. 1C) . A population of c. 50 I. echinospora plants were grown for approximately four 79 months to a stage where plants were large enough to extract RNA from the three major organs; 80 leaves, corm and rootlets ( Fig. 2A only 25 (5.8%) were missing. These metrics indicate that the transcriptome assembly was high 98 quality. We next mapped the reads extracted from each of the three different organs; leaves, corms, 99
and rootlets to calculate the abundance levels for each transcript in each of the three organs 100
( Supplementary Table S1 ). 101 102 Gene expression profiles are significantly different in Isoetes echinospora rootlets and leaves 103
If I. echinospora rootlets were modified leaves, as predicted by the modified shoot hypothesis, we 104 might expect gene expression signatures to be similar in the rootlets and leaves. To test this 105 hypothesis, we compared gene expression in rootlets, leaves and corms using a principal coordinate 106 analysis (PCoA). The two leaf replicates, two corm replicates and the single rootlet sample were 107 plotted on the first two PCoA axes (which together account for 98.6% of the variance in the sample 108 ( Fig. 2B) ). The three tissue types are clearly distinct and separated in gene expression space. The first 109
PCoA axis accounts for 75.4% of the variance in gene expression and it distinguishes leaves and 110 corms from rootlets (Fig. 2B ). The second PCoA axis accounts for 23.2% of the variance in gene 111 expression and distinguishes all three tissues from each other (Fig. 2B ). The PCoA indicated that gene 112 expression profiles of rootlets and leaves are distinct and does not support the hypothesis that I. 113 echinospora rootlets are modified leaves. 114
Gene expression profiles of Isoetes rootlets clusters with gene expression of Selaginella and 116
Arabidopsis roots 117
If the rootlets of I. echinospora are true roots we expected similarities in gene expression between 118 rootlets and true roots of other land plant species such as the lycophytes Selaginella moellendorffii 119 and the seed plant Arabidopsis thaliana. To compare gene expression between these species we first 120 defined orthologous relationships between the genes of the three species using the OrthoFinder 121 software 36,37 . This analysis identified 1,737 single copy orthologs in common between these species. 122
Using these 1,737 orthologs we compared gene expression between the different species. We 123 compared average gene expression between I. echinospora rootlets and leaves (this study) with the 124 published gene expression in roots and leaves of S. moellendorffii 38 and roots and "aerial parts" of 125
Arabidopsis thaliana (based on EMBL-EBI accession E-GEOD-53197). To compare gene expression 126 between these different species and organs we subjected the gene expression dataset to a PCoA. 127
The first three principal coordinates accounted for 95.7% of the variance in the dataset. Axis 1 128 accounted for 43.6% of the variance and separated the samples by species (Fig. 3A, B ). Axis 2, 129 accounted for 35.9% of the variance and distinguished the two lycophyte transcriptomes (I. 130 echinospora and S. moellendorffii) from that of the seed plant A. thaliana (Fig. 3A, C ). PCoA axes one 131
and two therefore indicate that the majority of the differences in gene expression is accounted for 132 by differences between species rather than between roots and leaves. PCoA axis 3 accounted for 133 16.2% of the variance and distinguished between leaves and roots in all species ( and are expressed in S. moellendorffii roots 43,44 . RSL genes are markers for vascular plant roots 147 because they are expressed at a much higher level in roots of A. thaliana (EMBL-EBI accession E-148 GEOD-53197) and S. moellendorffii 45 than in leaves and shoots ( Supplementary Table S1 ). We 149 searched the I. echinospora transcriptome for RSL genes using the BLAST algorithm with RSL-specific 150 queries. RSL sequences were identified in the I. echinospora transcriptome. A gene tree was 151 generated and defined four I. echinospora RSL genes in two monophyletic groups (Fig. 4 ). There 152
were three transcripts in the RSL Class I clade (106204; 101034; 092963) and a single transcript in 153 the RSL Class II clade (095243). Average expression of the four RSL genes in rootlets was 4.24 154 transcripts per million (TPM) (Fig. 4 ). The average root expression was 5.78 TPM for the six RSL genes 155 of A. thaliana (EMBL-EBI accession E-GEOD-53197), demonstrating similarities in expression of RSL 156 genes between in I. echinospora and A. thaliana. In I. echinospora, expression of each RSL Class I 157 transcript was higher in rootlets than in leaves ( Fig. 4 ). Furthermore, the single I. echinospora Class II 158 RSL gene transcript (095243) was expressed in rootlets and no expression was detected in the corm 159 or leaves. These data indicate that RSL genes are preferentially expressed in the I. echinospora 160 rootlets and not in leaf tissue, as in they are in S. moellendorffii of A. thaliana ( Supplementary Table  161 S1). These data are consistent with the hypothesis that I. echinospora rootlets are roots. 162
To verify that RSL genes are markers of vascular plant roots we investigated the RSL genes in 163
Azolla filiculoides, a fern that develops roots with root hairs 30,46 , and Salvinia cucullata a fern that has 164 secondarily lost roots with root hairs and instead modified leaves perform rooting functions 30,47,48 . 165
We searched the S. cucullata and A. filiculoides genomes and proteomes 49 for RSL genes using the 166
BLAST algorithm with RSL-specific queries. A gene tree was constructed with the retrieved 167 sequences and allowed us to identify 3 RSL Class I genes and a single RSL Class II gene in the A. 168
filiculoides genome ( Fig. 4, Supplementary Fig. S1 ). Consistant with their role in root development in 169 A. filiculoides the RSL genes were expressed in the roots 46 . However, there were no RSL genes in the 170 S. cucullata genome. S. cucullate sequences were identified in closely related basic-helix-loop-helix 171 transcription factor subfamily XI 50,51 but none were identified in RSL clade ( Fig. 4 that the hypothesis that rootlets of the rhizomorphic lycopsids are roots, similar to other lycopsid 222 roots, is a more parsimonious hypothesis than interpreting rootlets as modified leaves. 223
Our new evidence from the transcriptome of I. echinospora adds to the numerous traits that are 224 common between the rootlets of rhizomorphic lycopsids and the roots of other lycopsids. It is not 225 possible to rule out the hypothesis that all of these similarities in antomy, develop and now gene 226 expression may be the product of convergent evolution. However, we suggest that it is more 227 parsimonious to interpret the rootlets of the rhizomophic lycopsids as true roots than modified 228 leaves. 229
The gene expression data from the de novo I. echinospora transcriptome are consistent with the 230 hypothesis that the rootlets of the rhizomorphic lycopsids are roots and not modified leaves. We 231 therefore interpret the rootlets of the rhizomophic lycopsids as roots developing from a unique root 232 bearing organ; the rhizomorph 21,53,64 . This conclusion suggests that the dichotomously branching 233 rooting axis is conserved among all lycopsids and a distinguishing character of the group. The 234 dichotomous branching of these rooting axes has been conserved for over 400 million years and our 235 comparative transcriptomic analysis suggest that the RSL genes function during root development in 236
Selaginella and Isoetes has been conserved since these species shared a common ancestor at least 237 375 million years ago 65 were washed in 1% (v/v) sodium dichloroisocyanurate (NaDCC) for 5 min. Sporangia were broken 261 and loose spores were washed in 0.1% NaDCC for a further 5 min. Following the NaDCC washes, 262 loose spores were rinsed for 5 min three times in ddH2O. Microspores were centrifuged for 5 min at 263 5000 rpm between washes). Once sterilised, mega and micro-spores were mixed together in ddH2O 264 in a Petri dish. Petri dishes were sealed with parafilm, and incubated in darkness at 4⁰C for 2 wk. 265
After 2 wk, Petri dishes were moved to a 16 h light : 8 h dark photoperiod at 18⁰C. Approximately 266 30% of surface sterilised megasporangia contained megaspores that germinated, and within these 267 megasporangia c. 25% of the total megaspore population germinated. It was possible to identify 268 germinating megaspores because cracking of the megaspore wall was visible and the presence of 269 archegonia on the megagametophyte. Once fertilisation occurred, developing sporophytes were 270
identified by the presence of the first leaf. Sporophytes were left to continue to grow in ddH2O 271
water until the two leaf two rootlet stage when they were moved to magenta boxes containing; ½ 272
Gamborg's medium 70 , supplemented with 1% phytogel (Sigma 
De novo transcriptome assembly, protein predictions and expression analysis 291
Raw reads were quality trimmed using Trimmomatic-0.32 71 , to remove remaining Illumina adaptors 292 and low quality tails. Ribosomal RNA was filtered out using Sortmerna-1.9 72 and error corrected 293
using BayesHammer (SPAdes-16 3.5.0) 73 (with setting --only-error-correction) and Allpaths-LG-4832 74 294
(with setting PAIRED_SEP=-20 and ploidy = 2). Reads were normalised using Khmer-0.7.1 with a 295 khmer size of 21. Before assembly, paired end reads were stitched together using Allpaths-LG-296 4832 74 . A de novo transcriptome assembly was made with the cleaned, stitched reads using SGA 75 , 297 SSPACE-v3 76 , and CAP3 77 . Finally assembled scaffolds were corrected using Pilon-1.6 78 . The 298
Transcriptome Shotgun Assembly project has been deposited at DDBJ/EMBL/GenBank under the 299 accession GGKY00000000. The version described in this paper is the first version, GGKY01000000. 300
Proteins were predicted from the de novo transcriptome assembly using GeneMarkS-T 79 , Prodigal 80 301 identified single copy orthologs between these species based on the OrthoFinder 36,37 analysis. In 325 total, 1,737 single copy orthologs were found between the three species. Using these 1,737 326 orthologs we contrasted gene expression between the different species. We investigated average 327 genes expression between I. echinospora rootlets and leaves (this study) with the published average 328 gene expression between roots and leaves of S. moellendorffii 38 and A. thaliana. A. thaliana gene 329 expression was based on average gene expression in "aerial part" and "root" of 17 different natural 330 accessions (EMBL-EBI accession E-GEOD-53197). To investigate similarities in gene expression 331 between these 1,737 orthologs we carried out a PCoA in PAST 83 . Euclidean distances were derived 332 from the Log10 transformed gene expression of the 1,737 orthologs ( Supplementary Table S1 ). 333
Euclidean distances were subjected to a PCoA in PAST 83 , using a transformation exponent of 4. 334 335
Phylogenetic Analyses 336
Phylogenetic analyses were carried out on the RSL genes. Blast queries were assembled based on 337 previously published gene trees of RSL genes 50 . Sequences were used to blast the protein databases 338 of the; Marchantia polymorpha "primary" (proteins) (version 3.1, November, 2015), Physcomitrella 339
patens "primary" (proteins) (version 3.0, January 12, 2014), Selaginella moellendorffii "primary" 340 (proteins) (version 1.0, January 12, 2014), Amborella trichopoda (proteins) (version 1.0, 2013) and 341
Arabidopsis thaliana "primary" (proteins) (TAIR10) on the http://marchantia.info/blast/ server. Two 342 fern protein databases were also searched; Azolla filiculoides protein v1. 
